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(Single-cell) 3D Epigenome Data Analysis
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Curriculum Vitae

Speaker Name: Inkyung Jung, Ph.D.

» Personal Info

Name Inkyung Jung
Title Associate Professor
- = Affiliation KAIST
b ,
’%‘ ! » Contact Information
2 Address Department of biological sciences, KAIST
4 ] Email ijlung@kaist.ac.kr

Phone Number +82-42-350-7314

Research Interest

Epigenetic gene regulation, 3D chromatin structure, single-cell multi-omics

Educational Experience
2006-2011 Ph.D. KAIST / Bio and Brain Engineering
2002-2006 B.S. KAIST / Biosystems

Professional Experience

2016-present Assistant Professor, Associate Professor, Department of Biological Sciences, KAIST

2012-2016 Postdoctoral fellow, Ludwig Institute for Cancer Research
2011-2012 Postdoctoral fellow, KAIST

Selected Publications (5 maximum)

1.

Kim K* Kim M* Lee AJ* Song SH* Kang JK, Eom J, Kang GH, Bae JM, Min S, Kim Y, Lim Y,
Kim HS, Kim YJ, Kim TY# Jung I# (2023) Spatial and clonality-resolved 3D cancer genome
alterations reveal enhancer-hijacking as a potential prognostic marker for colorectal cancer.
Cell Rep. Jul 25/42(7):112778

. Lee AJ*, Kim C* Park S, Jun K, Eom J, Lee S-J, Chung SJ, Rissman RA, Chung J, Masliah E#,

Jung I# (2023) Characterization of altered molecular mechanisms in Parkinson’s disease
through cell type-resolved multi-omics analyses. S¢i Adv. Apr 14;9(15):eabo2467

. Joo J* Cho S* Hong S, Min S, Kim K, Kumar R, Choi J, Shin Y#, Jung I# (2023) Probabilistic

establishment of speckle-associated inter-chromosomal interactions, MNucleic Acids Res. Apr
4,gkad211

. Kim K* Jang I*, Kim M* Choi J, Kim MS, Lee B#, Jung I# (2021) 3DIV Update for 2021: a

comprehensive resource of 3D genome and 3D cancer genome. Nucleic Acids Res. Jan
8;49(D1):D38-D46

. Jung I*#, Schmitt A* Diao Y* Lee AJ, Liu T, Yang D, Tan C, Eom J, Chan M, Chee S, Chiang

Z, Kim C, Masliah E, Barr CL, Li B, Kuan S, Kim D, Ren B#. (2019) A Compendium of
Promoter-Centered Long-Range Chromatin Interactions in the Human Genome. MNat Genet
Oct;51(10):1442-1449
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Epigenetic gene regulation determines cell fate

ot

Waddington's epigenetic landscape (Evolution, 1956)

Striated muscle cells

30 trillion cells




Cell-type specific transcriptome determines cell-type specific function

= POUSF1, SOX2, NANOG, TDGF1
LEFTY1, LEFTY2, GDF3, ZIC3,
FOXD3

MIXL1, EOMES, T, GSC, OTX2,
LHX1, FOXA2, SOX17

PAXB, SIX3, LHX2, OTX2, Cell type specific gene expression patterns
PLZF, SOX1, FOXG1 can characterize cellular identity and define
cell type specific biological functions

CGA, HAND1, PGF, KRT7,
CGBS5, CGB, INSL4, GCM1

| CD73, FOXF1, RUNX2, COLEC1(
MMP1, CXCL1, RAB27B, ITGA8

' MTRNR2L1, PTGS1, GALNTS,
! WFDCH1, NFIX, GALNTL2

g 1 10
FPKM

Gene expression patterns

Human Genome project (1990-2003)

the

Before sequencing human genome scientists _ . . heman
estimated the number of genes in human genome o 3 :
as 1,000,000
Proportion of genes to [ Number of genes
Black truffle BELT
Golden eagle I
Neme:gl‘_’rﬁ 29%
Human I
Mouse l
Red clover
o 20 40 60 BO 100

Percent

Protein-coding genes occupy a small fraction of the human genome
— no more than about 2-3% -




Systematic characterization of non-coding sequences

ENCODE consortium (2012) Roadmap Epigenome consortium (2015)

* Encyclopedia of DNA Elements (ENCODE) : a public research project launched in 2003 (mostly cell lines)
» “aims to identify all functional elements in the human genome sequence.”

* Roadmap Epigenomics: Launched in 2008 (mostly primary human tissues)
* “aims to produce a public resource of epigenomic maps for stem cells and primary ex vivo tissues selected to
represent the normal counterparts of tissues and organ systems frequently involved in human disease.”
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WashU epigenome browser (https://epigenomegateway.wustl.edu/)
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A ChromHMM model to systematically annotate various chromatin state

Enhancer Gene Starts _Gene - Transcribed Region DNA
Unobserved |-
Binarized
chromatin > d S d : =
marks. Called D D

H3K4me1 |H3Kdme3 | H3Kdme3 | H3K4me1 | H3K36me3| HIK3BMe3 H3K36me3 | H3K36me3

basedona
p_oissfon )

distribution |Hak27ac | Hakame

Most likely Hidg
State

200 base pair interval 0 .8 4
Emission distribution is a A” pI'O babllltl es
e 5 - are learned from
ernoulli random
variables N\ the data
« @
H

Binarization leads to explicit modelina of mark combinations and interporetable parameters

Roadmap Epigenomics (2015)




A ChromHMM model to systematically annotate various chromatin state
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Nature (2011)

What have we learned from ENCODE/Roadmap Epigenomics?

1. 80.4% of the human genome participates in at least one
biochemical chromatin associated events

Genes (1-2%) Human Genome

2. Many important genetic variants are found at cis-regulatory elements

3. Enhancer elements are the major player in cell-type specific gene regulation




“Enhancer” is a major player in epigenetic gene regulation

Insulator Promoter Enhancer Insulator Insulator
(Barrier) (Enhancer blocking) (Barrier)

Silencin
elemen

Current Opinion in Genetics & Development

Increase gene

expression W H3K27ac

M H3K4me3

Active enhancer Active promoter Gene

A epigenetic switch of gene expression

One promoter can be controlled by multiple enhancers
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Enhancers can control distal target gene expression

Polydactyly syndrome

Normal hand Preaxial Postaxial Triphalangial thumb
polydactyly type2 polydactyly typeA polysyndactyly

—{ 1 W—{ HO o
Shh Rnf32 ZRS Lmbri1
Gene (chr7) Enhancer
N 1Mbp I,

How does enhancer control distal gene expression?

“‘C‘\ Nucleus
% | (4cm)




Chromatin is not randomly folded into the nucleus

| ~2 Meters!

Enhancer Promoter
X 4
o,
l Gene ON

* Human DNAis well packaged
* Length = near 2m
* Average human cell nucleus : 6 micron > 1/300,000 compaction

* Chromatin is not randomly folded into the nucleus

A theory of chromosome territory

FISH (Fluorescence in situ hybridization) labeling of all 24 different human
chromosomes (22, X, and Y) in a fibroblast nucleus, each with a different
combination of in total seven fluorochromes.

Bolzer et al., (2005




3D genome enables enhancers control distal gene expression

QRer

Enhancer
Promoter

@ CTCF
Cohesin

3D genome: A spatial arrangement of the genome where distant
DNA fragments can be juxtaposed in nuclear space

Genome organization in 3D nuclear space

Chromosome territory A
Nuclear membrane
\ (-.
al
: b
Nuclear ——% : A & (0 (i AN
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. ¥ # Nucleolus
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Botchkarev et al., 2012
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Genome functions are tightly coupled with 3D chromatin structure

Cellular differentiation Oncogene activation Congenital disorder
= 1'_"7 Oncogene OFF ® Bk veruens slvaing TAD Eourdis
"
LR
o e Oncogene ONv"

8 A R S Vb

Dixon, JR*., Jung, I*., et al., Nature (2015) Hnisz et al., Science (2016) Franke et al., Nature (2016)
X-chromosome inactivation DNA replication DNA repair
X
_-_' C—
TNt =\t 2
LI
LI
= l—m_l; L s
Engreitz et al., Science (2013) Pope et al., Nature (2014) Misteli & Soutoglou, Mol Cell Biol (2009)

Imaging based methods:

1. Electron microscopy : labor intensive and not easily applicable
to studies of specific loci

2. Light microscopy: Limited resolution (100~200 nm) to define
chromosome conformation.

3. FISH (fluorescence in situ hybridization): Requires severe
treatment that may affect chromosome organization

Require alternative strategies to detect chromatin
interactions at high-resolution genome-wide

3C 5C 4C-seq ChIA-PET Hi-C Capture HiC HiChIP GAM LAD

-11 -



Imaging vs sequencing methods

Imaging (FISH) 30
* In general: Single cell '_| FISH ;
* Spatial distance 1.0
* Any distance outside probe “glare”
S o5 el
o

Contact
probability
A

Omics (Chromosome Conformation Capture)

. i 0.0 =
* In general: population Capture | Median spatial

distance | distance

* Contact frequency
e Capture radius dependent
* Long distances in close proximity

Belmont, Curr.Opin.Cell Biol. 2014
Giorgietti, Gen.Biol 2016
Fudenberg and Imakaev, Nat.Methods 2017

Wide-field Deconvolution 3D-SIM

RNA-FISH

DNA-FISH

https://link.springer.com/protocol/10.1007/978-1-62703-137-0_4

-12 -



Multiplexed ¢hromatin tracin High resclution chfgrp_c;_fome traces
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Chromosome 21 Chromosomes

128 ... 22X

Single-cell ——
domains

A multiplexed error—robust fluorescence /n s/tu hybridization
(MERFISH)

https://www.sciencedirect.com/science/article/pii/S0092867420309405

Crosslink DNA Cut with Fill ends Ligate
restriction and mark
enzyme with biotin Nhel -

AAGCTT
TTCGAA

7 1 1

Y V V&
Cross-linking > Digestion - Re-lig
T

AAGCT|AGH

“Promoter

Lieberman et al., Science (2009)
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Hi-C contact map to visualize 3D genome

chrll

3 Reads
$0.00005

—O

cis-chromosomal interactions (chr11)

| —

oW mlui:ﬁi, :
s i ige )
pi8 % ]

Hu et al., (2013)

Individual chromosome

Chr17

Bolzer et al., (2005)

TAD (Topologically
associating domains)

¢ /\/\/\A
" /\A\/\A/
MSC /\

N A\ D

e \/\/\ A
W /\A/\A/

«chr12:88,000,000-92,000,000

20 Normalized
o ligation frequency

Dixon et al., (2015)

E-P interactions

Enhance
Promoter

Enhancer

@ CTCF
Cohesin

Kim et al., 2019

Jung et al., (2019)
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Chromosome territories A/B compartments TADs/domains corner-peaks

nuclear envelope Lieberman-Aiden & van Berkum et al, 2009 Mora et al., 2012 Rao & Huntley et al, 2014
Dixon etal, 2012

Spatial compartmentalization of 3D genome

10 Mb

* What does a plaid pattern indicate for?

« Higher interaction between fragment 1 and 3 and between fragment 2 and 4

+ What is a biological meaning of the presence of a plaid pattern?

» Genome can be compartmentalized into two parts (compartment A and B)

- 15 -




What is a major structural component?

Compartment B

Compartment A

How can we systematically compartmentalize the 3D genome structure into two parts?

Two major compositions of chromatin structure: Compartment A/B

The loci in the same compartment
showed spatial proximity

Compartment A Compartment B

E

L1 L2 L3 L4

i | Chr 14
I

]

T N——

Compartment A

™

==L
=12

Number of loci
\

20 ///

Dlstance tol3 (mlcmns)

Number of loci

How does compartment A/B affect spatial genome organization?

F

L1 L2 L3 L4

jl Chr 14

Eip p v ™ M~

Compartment B

—13
=4

@
3

FS
3

Dlstance tol2 (ml:mns)
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Compartment A/B dynamics during stem cell differentiation

Is compartment A/B cell-type specific?
(How can we design a test experiment?)

OP9 coculture -> colony-forming
-> colony subculture Mesenchymal
——— Stem Cell (MSC)
Crosslink DNA / 19-22 days

Noggin + SB431542 Neuronal Progenitor
Cell (NPC)

7 days

"'*-\, BMP4 I Trophoblast

5 days (TB)
FGF2 + BMP4 Mesendoderm

2 days (ME)

Perform Hi-C experiment

Dixon, JR., Jung, I., et al., Nature (2015)

Compartment A/B patterns are highly dynamic

- Compartment A |:| Compartment B

e il

ES e i e e, i S S i i B )

ME A/B o . N —

||

ME e e il B i e TS s il : ""/A.&.AM“‘ i o e AA.."" PN
MSC A e il M«mA.‘.& . & m
L
.‘.

MSC A/B —_— — e "

NPC A/B S S —— T T -

TB S, .;im" s it NS .‘-.:L.. e ‘_&% o A‘n&(ﬂ i Mol .‘&* o

TB AB - i r‘

35.000.000 | oMot 40,000,000 | ! hatd 45,000,000 |
E. [TTTHE T FATTT CH "EEED T TR My | 1 'r_'vmm'n' L =
= = DR ! Fos =
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Fraction of compartment A/B in each cell-type

ES ME MSC

380/0 600/0 320/0

OP9 coculture -> colony-forming

-> colony subculture N S':”es?clrymglc
— ? em Cel
/ 19-22 days (Msc) \
. o
hESC (H1) Noggin + 5B431542 ( ) Neuronal Progenitor 8% 8% 8%
Cell (NPC)

o‘ Taays NPC TB IMR90
~ BMP4 l( ) Trophoblast
: (TB)

5days
ferz+ BMP4° Mesendoderm

2 days (ME)

32%

N
8% 8% 6%

Fraction of genome marked as compartment A (blue) and B (yellow)

Chromosome territories A/B compartments TADs/domains corner-peaks

[
\ s T e
[} - S
! i # .
/ ; 7 / | |
-\ i i
" 1 I‘ |
\ /‘ ! i
— ' /
N, 4 \ A 4
\ i S
N ’ B i
\\ %
hS N
nuclear envelope Lieberman-Aiden & van Berkum et al, 2009 Nora et al,, 2012 Rao & Huntley et al,, 2014
Dixon et al., 2012
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Topologically Associating Domains (TADs)

S0 Mb 100 Mib i 10-1 Mb 102 Mb 163 Mb

Dixon et al., 2012
Nora et al., 2012

Topologically Associating Domains (TADs)

hESCs

INSIG11 EN2 § HiH BBM33 LOC285888s C70rf131 NOM1H HE4H UBE3C
CNPY1H SHHI LINC00244i HRNE32 MNX1l
LOC6452491 DNAJB6 HHH
LMBR1 :
4 4
TAD boundary No boundary
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TAD boundaries are well maintained during differentiation

15

Normalized Interaction Frequency

-
T i
(0]
P %
> I i
b e - ook, | SR e L i,
Scale 5Mb | 1 hgis
chr12: 85,000,000 90,000,000
Domain Calls l =

30"
DI |
30,
» " : ' 1 4 b
= . ' = Y
RefSeq Genes L. 1 ! ' "
] [} » 1 1
——t

TAD-wise interaction changes during cellular differentiation

4

A Normalized *
interaction
frequency

Chri: | 5 Mb—557600.000] ' 65,000,000
0.85 0.81 0.92

Domains
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TAD boundaries are evolutionarily well conserved

60 Human ESC
E .g 2 hESC in mouse mESC
EE3 2,792 total 2,117 total
88 .
zZE h l - J \ /
cm;s: 930000001 92000(100| 91000000I
! r__-..___...'_.ln..l.-___.‘_.a_ Human to mouse
-50 16
PLXNCT WM SOCS2|  HNUDT4 )C120rf74__ w=4LOC256021 P<22x10
CCDC41+#l  CRADD b=+ W OC643339  BTGT)
LOC 144486 LOC1444811 PLEKHG7 1 \CLLUT
MRFL42 MWUBE2N ~ HEBEEA1 ICLLU1OS
Mouse ESC
Bs %0 mESC in humans hESC
N .S 2
TEH E g 1,944 total 3,030 total
2E” o ¢ % \ Overlap /
v L T TEE e LS 1!476
Chr10: 95000000/ 96000000!
—— 1 »
—a

—a

Mouse to human
-50 -16
Cede41vi2310030L15RikH l!73042001£ik Btg1) P <2.2x10
14! G12Rik I1Socs2 Eeall|4l 4930556N09RikH

Pixnct Mrpla2 ¥ \Mir3058

Cradd =+ H Ube2n
Nudt4l

TAD is a basic unit of 3D chromatin structure

1. The human genome is organized into 2000~3000 TADs

2. TAD boundaries are well maintained during cellular differentiation and evolution
3. However, within TAD interactions are dynamic in cell-type specific manner

A
‘\,a Spatially isolated and
‘)p DNA highly self-interacting
\J O -
‘ (Chromatin) region

TAD1

SAN

\J

Nucleus

-21 -




What is a relationship between TAD and Compartment A/B?

| Nuclear
scale

Chromosome
territories

Chromosome
scale

Open —F

I l Closed :

Megabase |5
scale |2 Sce
S s

Fractal
globule

What is a functional role of TADs?

-22.



TAD boundary restricts long-range enhancer controls

Shh promoter
< Shh enhancer

Triphalangial thumb
polysyndactyly

INSIGIE  EN2j Hid44H BBM33 LOC2858891 C70rf13| NOM1H 4 UBESC
CNPY1M SHHI LINCO02441  WRNF32 MNX1l
LOCE452491 DNAJB6 i
LMBR1 *

From Dixon et al, Nature (2012) and Smallwood et al, Current Opinion Cell Biology (2013)

TAD boundary disruption as oncogenic driver — Model 1

@ Enhancer
Commmm—  Promoter and gene
. CTCEF binding site
& Chromatin loop
TAD boundary disruption
Deletion of CTCF sites
Methylation of CTCF sites
_
O—L—3
Hé_/l/ﬂ Activation of oncogene
Current Opinion in Genetics & Development
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Activation of proto-oncogenes by disruption of TAD boundary

CANCER

ACtiVﬂtiOl’l Of pl'OtO-O]'lC()genes TAD boundary disruption induces
by dismpﬁon ﬂf oncogene activation
chromosome neighborhoods

Denes Hnisz,"* Abraham S. Weintraub,"** Daniel 8. Day," Anne-Laure Valton,” l

Oncogene OFF ®

[ewloN

Rasmus O. Bak,* Charles H. Li,"* Johanna Goldmann,' Bryan R. Lajoie,” Zi Peng Fan,"”
Alla A. Sigova,” Jessica Reddy,”* Diego Borges-Rivera,”” Tong Ihn Lee,’
Rudolf Jaenisch,"* Matthew H. Porteus,* Job Dekker,™® Richard A. Young"*t

Oncogene ON"

Oncogenes are activated through well-known chromosomal alterations such as gene fusion,
translocation, and focal amplification. In light of recent evidence that the control of key genes
depends on chromosome structures called insulated neighborhoods, we investigated whether
proto-oncogenes occur within these structures and whether oncogene activation can occur

via disruption of insulated neighborhood boundaries in cancer cells. We mapped insulated
neighbarhoods in Tcell acute lymphoblastic leukemia (T-ALL) and found that tumor cell genomes

uolsepoIoIW
oluaboyied

contain recurrent microdeletions that eliminate the boundary sites of insulated neighborhoods Hnisz et al., 2016 (Science)
containing prominent T-ALL proto-oncogenes. Perturbation of such boundaries in nonmalignant ’
cells was sufficient to activate proto-oncogenes. Mutations affecting chromosome T-cell acute lymphoblastic leukemia (T—ALL)

neighborhood boundaries were found in many types of cancer. Thus, oncogene activation can
occur via genetic alterations that disrupt insulated neighborhoods in malignant cells.

Cohesin /*E_ =

CTCF Enhancer " A
L
—
Active Enhancer
Oncogene

Proto-oncogene

Can disruption of TAD boundary (TAD fusion) activate proto-
oncogenes through enhancer-hijacking?
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Disruption of TAD boundary by CRISPR/Cas9

Disruption of insulated neighborhood
with CRISPR/Cas9

interaction
significance
TAD — (FDR)
o
ChIA-PET e
interactions: A :
" 7 S 50 kb
11 i dd]__ CTCF

100]—-“- =

I ||| SMC1 A |
.Jn..-

o]

K“-Iﬂll-lﬁll'ﬁ-l

LMO2

CAPRIN1 NAT10

Patient
deletions [

J B

Disruption of TAD boundary activates LMO2

Cohesin NAT10

CTCF : CAPRIN1 :

LMOZ2 CAPRIN1

LMoz NAT10
. LMO2 /
5§ 25
2% 20 2
2 <
% g 1.5 by}
T2 10 3
el %
g L 05 =
3 00 ;o
@‘*Qeao"c’i@‘?’b 8
O P T
TS 5
0\)
.QO

wild type HEK-293T

LMO2-ACTCF HEK-293T

chr11:33,003,550-35,003,549

4
wild type HEK-293T

LM02 ACTCF HEK-293T

o

normalized reads

normalized reads
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Chromosome territories A/B compartments TADs/domains corner-peaks
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nuclear envelope Lieberman-Aiden & van Berkum et al, 2009 Nora etal, 2012 Rao & Huntley et al,, 2014
Dixon etal, 2012

Promoter-capture Hi-C: Enhancer-promoter interaction maps

@ e 3D-genome Interaction Viewer
2 p— ==
e == DIV and
T -~ database
o
b Hindlll Hi-C
5 Library
R
E
M~
™~
I e
= L ssDNA probe synthesis
&
w
g | InvitroTranscription
<
=
o
misc’uwwuu .
=i HI-B5C wgarertmncne 3
'a' Hi-derived Mesenchymal Stem Cell |
&
o
g
£
o
o Capture 19,462 promoters
Yang et al., NAR (2018)
Jung et al., Nature Genetics (2019)
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Basic principles of enhancer-promoter interactions

1. Enrichment of distal interactions 2. Interactions are tissue-specific
chr21 264Mmb 172Mb BO0Mb 288Mb 9EMb  30.0Mb
=4 : B ===}
prefrontal cortex S
125K 1 B R . ‘v[s
= 100K = B 1 8
2 Median distance = 158kb é“ H1-hESC ‘t/ e 0
Sl Total 892,014 pcHi-Cinteractions L o5 o
g (431,141 unique interactions) g Hippocampus [;
£ 5ok ! """
fbrob [,
0 - L0 Left ventricle —_W[:
15kb  500kb  1Mb  15Mb  2Mb " “ , ' (*
Distance of pcHi-Cinteraction
Mesenchymal W‘[:
stem cell
~158kb e _—
|—> Thymus —‘-—‘w[:
158kb - a similar range of eQTL associations 13~45% of pcHi-C interactions are unique

Basic principles of enhancer-promoter interactions

3. E-P interactions correlate with tissue-specific gene expression

Hippocampus pcHi-C interaction

m 100kb
) JJI TR M | Tissue type A

fili LOC100287010 LINCO1114 § (i LOC 100506421

n
=
N

H3K27ac
(Hippocampus)

M LINCO1102 | POU3F3
Gene
AO " AO ™ AO . .
BL" BL ™ BL activation
GA " GA 7 GA
LCL LcL ™ LCL
H1 % H1 ™) H1
HCl Lk & S| [ [ HC [
IMR90 | IMR90 ™ IMR90
LG" LG ™, LG
L L= L
v [y ™ v Gene
M M - repression
oV ov ™ oV epressio
RV RV RV
SB " SB * SB .
TH* T TH Tissue type B
MsC °) MSC ™) MSC
NPC L eeprerrer NPC © NPC T I! T 111

105 4 7m Tos, T2am 705.4,>FM 705.479’“ 0 1.5 3.0

H3K27ac ChiP-seq RNA-seq near Distance normalized
POU3F3 promoter pcHi-C freq.
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Non-coding sequences are occupied by regulatory elements

Regulatory elements can control target gene expression in large genomic
distance

The genome is organized into multiple-layers

TAD is a basic structural and functional unit of 3D chromatin structure
Disruption of TAD may potentiate disease-specific gene expression
Long-range enhancer-promoter interactions are critical in cell/tissue-

specific gene expression
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3D genome: a new way to the human genome

Non-coding Protein Coding

~ ~ (~25,000 genes)

2

GWAS Catalog

The NHGRI-EBI Catalog of idh

«<— repeats

Exampies: brasst carciooma, raT224174, Yao, 2371, HBS1L, 618000000 26000000

3x10° basepairs

* 247,051 associations as of 2021/2/10
» 136,316 SNPs
* >90% of the SNPs are non-coding

https://www.ebi.ac.uk/gwas/

Hypothesis: noncoding variants disrupt cis regulatory element
s active in disease relevant cell types

Transcription factors acting at
the cis regulatory elements

largely uncharacterized The target genes of
annotated cis regulatory
Transcriptional elements remain to be
Factors Target gene | Precisely defined

1

But, the maps of active cis L} Gene products

regulatory elements are still lacking
for most cell types

cRE: cis regulatory elements
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Transcriptional

Factors Target gene

But, the maps of active cis
regulatory elements are still lacking

for most cell types

L} Gene products

- Pvalb i1rapi2)

m o g 8 i : pu TP s Rl L
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o .-.‘W‘ }s ®* : ; S = o I C ST
Aol i oY ' Or=,

ol e o Nob o ekena Ly

b&%%aaﬁnﬁ( )hk%%g&&aw

d_ S f x
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il L Y

: gabev?;rz_zﬁg b 5 Cugguvn;;t o ;‘{(

> ) 4 oy

—¥ ‘ x l-&('zr:ggpgzg;m;p% i (IT neurons) .

/2] )\
|77 "\ ¢ | Nucleosomal

O~/ fragments
Barcode /d'/

Combinatorial barcoding

Isolated

ATAC-seq
or
BS-seq

Second barcode:
PCR

First barcode:
Tn5 tagmentation

»  Commercially available
* Robust

* scATAC-seq

* sc-RNA/ATAC Multiome

» Customizable

Highly scalable (104-106)
RNA, ATAC, HiC, mC, etc
Mutil-omics

No specialized Instrument

e o o o

Modified from Kelsey, Stegle and Reik, Science 358, 69 (2017
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B Isolate nuclei Expose to Tn5 b
(chromatin intact) transposase Transposition into native chromatin

A
Post-transposition DNA fragment

T —
¥ t
Isolate transposed Sequence and identify TnS-induced nick
fragments and amplify accessible regions

Initial extension
at72°c

(

ATAC-seq peak

Amplification and addition of
barcodes and adapter components

Kl - -

— #
T ™ Transcription factors ‘W Tn5 transposase homodimer Purification of final
ATAC-seq libra
@ Nucleosome ———— ATAC-seq fragment N *q v
—
ic Enhancer Promoter [—
Il X
g GCell type \ /
® '_g Sites of chromatin accessibility
g 2| | Celitype ¥ defined by Tn5 insertion
<
— —a Gene A Gene A wmm ATAC-seq fragment === Tnd common homology region
TFB . expression . ) ) .
) - N\ msm i5-Unique Tn5 overhang === 7-Unique Tn5 overhang
( [ [ [
QORI NNDIDOVG i5 barcode (Ad1) we i7 barcode (Ad2)
_=_:!‘.‘2_ATAA,=.__ ) == P5 flow cell adapter == P7 flow cell adapter
TGTCCCAGATAAGGAGAGGGCAGTGCCACCTACG
Motif for TF B

Single-cell ATAC-seq

Single Cell i
ATAC ]

(S
Single cell @
isolation «

Cell identity Genomic elements
annotation

ATAC-seq
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Defining PD brain epigenome using snATAC-seq

snATAC-seq (55,937 nuclei)

Cell type-specific epigenome

chr19:35,720,000-35 867,000 40kb

—_—

Control SN
(N=9)
ORI | -

PD SN

daha ™

,?PCS

H3K27ac
ChiP-seq

5 GabaN All nuclei
DopaN Astrocytes _J._;.JLLJ__ e
W Dopal
el i i

Endothelial GabaN

& . e .a o axd

x Oligo

. Pericyte - o

Microglia b -

Oligodendrocytes

Quality Control ’ Diffusion Maps Consensus
: Normalization : :
Cell Selection Embedings Clustering
P il i </ g
& i E o~ _. =~
E “'; :% % ] ) i
: M § ) LY b
* i Ve
log10{fragments) Expected Similarity TSNE-1
Peak Finding Motif Interaction
Calling Variable Peaks Analysis Prediction
g 1 [ R down 1 | up 5 of g 1 |
c2 Ll . 1 8| .ot = : '
é ':_-.‘-3.';:";: s 5 Gene
c3 (LU 1 L1 B ke = - L] A
1 i _'- = \‘\ Association -
chr2:136,686,637-136,809,040 logiCPM) TSNE-1
Nature Communication (2021)
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snATAC-seq by a combinatorial barcoding

Biospecimens
(fresh or flash
frozen)

l Nuclei isolation

Tay
96 15t D -\ll\ll'tm’
-
- X v
= a
e Cut daDNA >
- — ——

- _—— =
2 13t Darcods Ligation

Cusanovich et al 2015
Preissl et al. 2018

2 parcode added by PCR

304 2nd Barcode Ligation

S

7 peimar r
."'. -

* ~10,000 cells per

dl experiment

» >5,000 fragments per cell
» <10 cents per cell

» High signal/noise

» >700 datasets generated

snATAC-seqg in Human Cortex

umap 1

3 & g, o3 o~ ?
‘%@ i@ @

&

Brain regions
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B LeC mic g Bvic
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Multiple Sclerosis

Ulcerative Colitis

Crohns Disease

Inflammatory Bowel Disease

Height

Birth Weight

Rheumatoid Arthritis

Vitiligo

[ Alzheimers Disease
LDL Cholesterol

Total Cholesterol

[ Schizophrenia
Intelligence

Neuroticism

Insomnia

Lamp5_LHX6

Ogc
Asc
Opc
Vec
Mgc

Tiredness
Educational Attainment
Age At Menarche

Tobacco use disorder

Anorexia Nervosa

Chronotype

Age First Birth

Attention Deficit Hyperactivity Disorder

BMI

Amyotrophic Lateral Sclerosis

Major Depressive Disorder

Bipolar Disorder

Alcohol Usage

snATAC-seq in 30 Adult Human Tissues

30 tissue types
Thyroid (28.269) Frontal Cortex (14,906)
Aorta (35,985) Lung (41.349)

Esoph, Mucosa (29,121) Right Atrium (11,801)
RA Appendage (13,064)

Loft Atrium (14,748)

Breast (16,410)
Esoph. Musc. (39,830)
Uiver (6.498)
Body of Pancreas (33.221) |
Pancroati Islets (14.298) / /
Transv. Colon (36.845) 7 |

Left Ventricle (47.282)
Right Ventrice (24,878)
Esoph. GE Junct. (13,518)
Adrenal Gland (7,796)

Small Int. (17.788) Stomach (18,710)
Ovary (7.137) Adipo. Oment, (16,243)
Uterus (8,475) Sigmokd Colon (18.239)
Vagina (4,824) Skin Suprapubic {7,750)

Skeletal Muscle (43,553)
Tiblal Artery (10,838)

Skin Lower Leg (18,726)
Tiblal Nerve (13,866)

30 major cell groups
111 cell clusters

615,998 nuclei e
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Enrichment of non-coding risk variants in candidate cis regulatory

elements in different human cell types
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Profiling Chromatin State and the Higher-order
Chromatin Structure with Single Cell Multi-omics

Transcriptional

Factors —\( Target gene

Single Cell methyl-HiC
(aka. sn-m3C-seq)

Cell type specific Chromatin
Contacts

—_—g— BRE = o ri——

L} Gene products

Paired-Tag: single cell co-assay of ch
romatin state or TF binding and trans
criptome at large scale

Transcriptional

Factors —]( Target gene

—_—— RE gy A rir— 1y —

L} Gene products
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Zhu et al. Nature Method 2021
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Paired-Tag analysis of adult mouse brain
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Zhu et al. Nature Method 2021

Paired-Tag analysis links distal elements to putative target genes
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Profiling the Higher-order Chromatin Structure
with Single Cell Multi-omics

Transcriptional

Cell type specific Chromatin

Single Cell thyl-HiC Contact
Factors —\( Target gene (aka. snom3Csea)

L} Gene products
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sn-m3C-seq (3C & DNA methylation)

~ nsaC sanCs0q2

Single cell multi-omics technologies

SHARE-seq (RNA & ATAC)  HIiRES (Hi-C & RNA)

e e | laewes e C T 00 - ® St =
. — r— Q:_\ ‘\w—-——:\-ﬂ QJQW 4 M\ ‘ lm'“
Y X3 (e P TN el =
g B i s — e P - € J (- YN
— n o/ ~N & o R -~ 2
(Nature Methods 2019) O°°o°°o°°< A& R |nswric
3DRAM-seq (HiC & RNA & accessibility & i _\ oo ‘ c>
methylation) ~=— /. < ) ’
- /: e e e /
o 4
=z e Do B s
(Nature cell biology 2023) o |_com ———— DNAreads
——====— RNA reads
Sacuaeceg Loaton (Cell 2020) Sequencing
(Science 2023)

UMAP_2

Cell annotation of 1.62 million mouse brain cells

1,624,306 cells Gene expression of cell type markers
: LT el TP TTTTITTd s ;
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R

In total, 22 cell types were identified in mouse brain datasets.

i§d

average feature count per cell: 715
average UMI count per cell: 1488
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Dynamic compartment A/B patterns
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Dynamic E-P pairs across cell-types
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How to define interactions? - Overall Workflow

Good alignment |

\

Mapping to RF* within the correct
distance (sonication)

Ready quality check

¢ ‘ Mapping not too close to each other |

¥

| Remove reads from the same RF

¥

| Read orientation filter (Jin 2013)

v v

Filtering —] | Remove PCR duplicates

f |

Normalization

v

\ v

Interaction calling TAD calling| | Compartment | | Inter-chromosomal contacts

Sequencing Hi-C Library and then What?

* Binning > Matrix

+ Sizes (resolution)

« Put the ends back together 5.
« Map to a reference genome als
» Determine ligation frequency

High

Low

Unless single cell, ensemble average (over 10° cells)
* Unless phased, averages over homologs.
Unless synchronized, averages over the cell cycle.
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Ligation Frequency Matrix (Interaction Map)
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ﬁ_".' 0 60|60 12|67 56|20 13 50|29 30|90
p of12|/13]afala|[a|1]{1]0]1
'% 0 8 ] 2 3 1 1 1 '] o
b= ol13[20[15]0fof0|0]0
& ofas|.|2|a|[1]0]0
0|18 4 1 0 ['] [']
(/] 2 1 0 1 1
of1]ofofo
o 3 1 ']
(1] 3 2
o3
[']
Restriction Fragments —_—

Resolution of Hi-C Interaction Map

Fragment (~4kb) resolution 40 kb resolution

* For the same Hi-C result, but different
visualization depending on the
resolution (bin size)

* At 40kb resolution, TAD looks clear
» At 4kb resolution location
interactions look clear

* Determining optimal resolution is critical
to precisely interpret Hi-C result

No clear definition to determine Hi-C resolution so far since there is no clear resolution dependent properties.
However one paper proposed that bin size can be determined as at least 80 % of all possible bins having
more than 1,000 contact

- 46 -



Hi-C Resolution

Jinetal.
(IMRS0)

In situ Hi-C
(GM12878)

C  Lieberman-Aiden et al.
(GMO06990)

[ —

Kalhor et al.
(GM12878)
D e 1 (e
\ u

I (Cowr ] B

13758

37.75

Some numbers in Hi-C resolution

Human genome size: 3*10"9bp

Restriction fragment length: ~4kb (6bp cutter)
Number of fragments: 7.5*10"5

Total interaction space: 5.6*10*11

Number of cells per experiment: 10"6

When we have 200M usable reads (2*1078), 200
interactions were measured per cell

Interaction space is under-sampled

How can we increase Hi-C resolution?

« * Reduced interaction space (targeted approaches)
* Increased sequencing depth

* Reduced fragment size

Bias Correction (Normalization)

Before

1Mb

Uncorrected

After

1Mb

Corrected (balanced)
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Two major approaches for bias correction

Crosslink DNA

Digestion efficiency as a Ligation efficiency as a Sequencing efficiency as a
function of sequence composition function of fragment length function of sequence composition
(and DNA compaction)

1. Explicit factor methods (ex: HICNorm)

— Model bias due to GC content, fragment lengths, etc.

2. Coverage based methods (ex: ICE)

— Don’t model explicit sources of bias. Only assumes factorizable biases

Bias correction with explicit factor methods

* Yaffe and Tanay or HICNorm used explicit bias model based
on 3 features that cause biases in Hi-C result
* GC content, mappability, and effective length (or fragment length).
» External information dependent
» Effect of GC content on Hi-C library is enzyme-dependent.

Filtering for random ligation events

Biotin adapter
a o b Hindlll Neol
Specific Nonspecific Specific  Nonspecific
ﬂ 78% 22% 88% 129%
Mapplng r A I o . ™ P+\ f—‘\"_""\
\/ Ligation % ' 1,200K :
s 500K 1 1,000K |
[}
Jom] 400K ! 800K
! = d1 ;- g | 500bp £ 500 bp
) — o : g 600K :
g 200K L, S 400K 0
Nonspecific product: 100K : 200K :
d1+d2) > 500 bp oK :  — r 0K : o -
) b 100 1,000 10,000 100 1,000 10,000
,, '_, 2= Sum of distances Sum of distances
d2 to cutter sites (d1+d2) to cutter sites (d1+d2)
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Bias correction with explicit factor methods

Fragment length GC bias
PCR + sequencing
Short Intermediate Long . i ol .
fragment fragment fragment ‘0-5“ 060 L §
- 0.45 -0

p=  0.40 0.45 " --10 8
- GC-rich o S 8 0.5 0.40 ed 1
-8 035 h 2oy
020, R | oz R S

= GC-poor o = - & FFEE BESS &

GC content @e= GC content @e=

Mappability bias

d Hindlll Neol - g Mapping Hinatl el yio §
4 10000 10,000 r1° g l 1.00 J IR .o B
£ % o= = [ 3
& 4000 4,000 - g B2 10 &
5 o0 103 ; b £ o £507s =
g 2,000 20F t g g, ga 20 8
g 1000 1,000 a0t e = & gE 30
g § Sm— e 0.50 0.50 g
@ 100 100 40 & eesse—s  Mappable sequence —40 &

W E SIS 1RG5 ey O percertage g

N
Fragment length @ Fragment length @ mappability mappability

Bias correction with explicit factor methods

Let Ui = { k}1< s represent the n; x n; Hi-C cis contact map for chromosome i, where n; is the number of

consecutive, d|310|nt 1 MB bins in chromosome i. Each entry ujk represent the number of paired-end reads spanning
two bins Lj'- and L. Let x y] and z; ' represent the effective length feature, the GC content feature and the

mappability feature at locus j for chromosome i, respectively. Similarly, let x, yi and z. represent the effective
length feature, the GC content feature and the mappability feature at locus k for chromosome i, respectively. We

assume that u}k follows Poisson distribution with rate Hj-ik:

10g(8i.) = Bo + Bien 108(xxi) + Biec 10g(y;vic) + log(zjz)

Here B} is the intercept term. g}, and ,8556 represent the effective length bias and the GC content bias, respectively.
log(z/z},) is the Poisson offset term of the mappability bias. We fit this Poisson regression model, and Iet B(‘) Bl., and

p’gcc represent the corresponding parameter estimates. We further define the estimated Poisson rate 8}, as following:
Ojic = exp{B + Blon log(xjxi) + Bicc log(vivi) +log(zz, )}

The residual efy, = u}, /8}, is the normalized cis interaction between two bins L} and L.

HiCNorm / covNorm
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Total interaction frequency

0 4000 8000

Expected interaction
based on coverage

Nomalized interaction
Raw interaction based on coverage

.

Fragment 1 coverage

abelonao gluauﬁeﬁ

v

Bias correction with coverage based methods

* Do not try to identify sources of biases but learn their effect from data

number of reads
between segments i
normalized ligation

and j K1 K
c Z chl Total number of reads
_ . =] [=k+1
frequency between f; Yy K

segments jand j

Total number of for Total number of for
segment j segment j
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Bias correction with coverage based methods - equalized visibility

ICE equalized visibility: Each bin has equal coverage

Interactions

ey ey o >

Raw heatmap

lteratively corrected

Qs —
| 11
QbW —

Visibility
NI
oooo

Visibility

Imakaev et al (2012)

Bias correction with coverage based methods - equalized visibility

Biases

Observed
OI:]' = BzB] 1] True

1. Start from Wij (=0ij) as the iterative process gradually changes this matrix to Tij

2. Calculate coverage of i as s_i=sum_j(Wij)

3. Additional biases delta Bi are calculated by renomralizitng s_i to have the unit mean as delta Bi = S_i/ mean(S_li)
4. New Wij = Wij / (delta Bi * delta Bj)

5. Iterate step 2-4 until the variance of the additional biases becomes negligible

Issues:
* local signals can be removed
* interaction hubs such as transcriptional factory are not covered by ICE normalization
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Random collision (Distance Dependent Ligation Events)

FOLDED POLYMER Uniform - visualization
Equilibriuvm Cross-section view 11 0
ﬂmul‘ . >

10

120
130
140
150
160
170

lo—!! - — - - —
10 100 1000 180

Distance (monomers)

100

0

107°

107*

100

Contact probability, simulated @

190

120 140 160 180 Mb

Random collision events
 Interaction occurring just because chromatin is a biopolymer and folds
* Random collisions can be estimated as expected interaction strength at a particular distance

Random collision (Distance Dependent Ligation Events)

Expected
1 interactions
1 > Observed
_ e interactions
©
s | Expected value g
S >
1)
B =
N o
g 8 \
E B Meaningful
z © interactions
2
i £
[ ]
: " ' " ; Distance

Genomic distance (bp)
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Detection of biologically meaningful interactions

Fragment-level
counting of
Hi-C reads
after rigorous
data filtering

Hi-C tag count
0 8

216

oyOM__20M 40M 60M  295M  296M _ 297M
20 M- /

: u]
40M-
60 M-

Whole chromosome 17

Flne Iooplng structure

Compare:

Pick any
anchor

" | Normalize

- Hi-C contact frequency
—— Expected frequency
.

A Py

SN

Peak calling

* Apply negative binomial distribution
» Test whether its strength is unexpectedly high given the biases, distances, and additional signal

strength threshold

Detection of biologically meaningful interactions

C Chr8 Chr8

Bp
Sy

134.57

D

=y
134.57 Mb

Chr8

W, * HIiCCUPS
O = #of contacts at peak + Considering local background
« Pixels in the middle should have signal 50%
Exp( )=83.3 higher than the surrounding
Exp(C]) = 67.4
Exp(C]) = 78.9
Exp([]) = 88.4
Peak = 341

- B3 -



Chromosome territories A/B compartments TADs/domains corner-peaks

. § (B
y

nuclear envelope Lieberman-Aiden & van Berkum et al, 2009 Mora et al., 2012 Rao & Huntley et al, 2014
Dixon etal, 2012

Modeling 3D chromatin structure from Hi-C contact map

Chromosome 5 (181Mb)

Chromosome 5 (18Mb)

Hi-C Contact Map 3D modelling
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PCA (Principle Component Analysis) to contact matrix

Find component axes that maximize variance
(use the first eigenvector v of the PCA/SVD)

Chr 14
et

Apply PCA

Observed/Expected (o] Pearson correlation

v is the vector that minimizes ||svvT-A||, thus Aij will be near svivj

So, if vi and vj have the same sign their product will be positive (higher interaction bins i and j)

if vi and vj have the opposite sign their product will be negative (low interaction bins i and j)

Apply PCA to 3D chromatin structure to find a major structural component

10 Mb

Interaction frequency matrix

Interaction frequency

cor(Interaction frequency matrix)
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Chromosome territories A/B compartments

nuclear envelope Lieberman-Aiden & van Berkum et al, 2009

TADs/domains corner-peaks

Nora et al., 2012 Rao & Huntley et al, 2014

Dixon et al, 2012

Methods to define TAD boundaries

Interactions downstream

A
Interactions upstream
Putative boundary

.‘i' < < _\" ;., _'-.
» Id S & a' ‘I Bt ’“.&
<A B—

Biased g
downstream 5
- @

: ‘T o
Biased =
o

upstream 53
w

Directional Index Scores

Slide insulation square along diagonal
- -~

1,2 3 4 5 6 8 9 10 11,12
Aggregate each insulation square
A 3 2 2 3 4

12 3 45 6 7 8 9101112

mean: _4

=N WA O

Insulation Scores
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Methods to define TAD boundaries — Directionality

A: the number of reads that map from a given locus to the

upstream 2Mb

DI = A-E) + = B: the number of reads that map from the same locus to
B - Al E E

the downstream 2Mb
E: the expected number of reads under the null
b hypothesis, is equal to (A + B)/2

dlrlZ:.‘ : 101 o‘w 102000000 /“{% IM«? AA
l—l._.l—

50 -
Directionality Index
50

(Lamln B1 DamID) 0. T T | I Rl A e g S— Y 1
TwcB#  1700064M15Rik!  Tdp1 @l Gm10432 Gprég In a(sperbﬂm Axn3 @l Rin3HH Gm20604
2610021K2!H:k" pN '___Tlrml Rpsﬁkaslnm Smek1l| n Wil [} Moam
14930474N09Rik 8c ansH Stc24aal»ll ghga cimcl
Foxn3 Psmcl erHQO' Trip11 Hll mn br7
Gm10433 D18m20L05FIﬂ It kI -
m1 ! il
Tte7o HHHH Kitd-ps! (19361 Unc79+
AkmoamlJ

Dixon et al., (2012
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3DIV: http://3div.kr

3D-genome Interaction Viewer
and Hi-C Capture Hi-C Cancer Hi-C Statistics Download Tutorial Contact Us

AL database

3D-Genome Interaction
Viewer & database

se databas ut 3D-genome

ABOUT 3DIV

Hi-C Capture Hi-C Cancer Hi-C

3DIV provides querying list of significant 3DIV provides promoter capture Hi-C 3DIV provides unique visualization and
interacting partner locus, visualization, (pcHi-C) results across 28 normal human manipulation tools that allows user to
and comparative analysis of 3D cell/tissue types, a great resource in generate rearranged 3D genome by
chromatin interaction across about 400 Identifying target genes of disease- selecting listed SVs, creating own SVs,
samples. associated genetic variants, and providing order of rearranged

chromosomes.

Hi-C data collection in 3DIV

Cancer Hi-C sample types (n = 220) Normal Hi-C sample types (n = 181)

Colorectal cancer (74) Stem cell and derived (31)

Control (33) Endothelial and

EtE epithelial cell (35)
Pancreaticcancer (1) o/ jine (29)
Liver cancer (1)
Skin cancer (2)
Prostate cancer (2)
lioblastoma (2)
are cancer (2)
ibrosarcoma 32)
~/~Lung cancer (2
Gastric cancer (3)
NOvar\“gwn cancer((;;)
euroblastoma capture
Lym LomasE45n fidi
Kid?leypwncer 5) Hi-C (28)

Breast cancer (16)

Fibroblast

Cervical and derived (15)

cancer (33).

Primary tissue (15)

Leukemia (32) Immune and blood cell (28)

Table 1. Comparison of the updated 3DIV and other 3D genome databases as of October 2020

Live
Interactive manipulation Structural
Number of Hi-C contact TAD One-to-all Interaction Distance Hi-C contact of genomic variation

Soltware samples® map annotation interaction table normalization map browsing  rearrangement annotation
DIV 2021 Update 401 v I's v v v v v v
by 80 v v v 's v v
4D Nucleome i3 s v
Nucleome Browser 138¢ + v
WashU Epigenome 364 v v
Browser
HiView 2 v ' v o v
HUGIn2 83 ' v v s e
3D Genome Browser 113 e v
GITAR 20 v v
Hi-C Data Browser (] v v
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Unique functionalities of 3DIV

Features of 3DIV

153 cell line/tissue Hi-C and

for corresponding cancer type

. 7T
187 cancer/tumor tissue samples Pan-cancer SV data
with 33 control samples % %

|

MySQL + Java Spring + HTML5

@

230 billion reads processed
and normalized Hi-C contact maps

28 promoter capture Hi-C data \{t %

based webserver implementation

@ Interactive visualization function

on web page

Normal Hi-C Analysis
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Normal Hi-C Analysis

/\ 3D-genome Interaction Viewer
p and Hi-C
kD database

Capture Hi-C Cancer Hi-C Statistics Download Tutorial Contact Us

3D-Genome Interaction
Viewer & database

E databe out 3D-genome

Hi-C

3DIV provides querying list of significant
interacting partner locus, visualization,
and comparative analysis of 3D
chromatin interaction across about 400
samples.

ABOUT 3DIV

Capture Hi-C

3DV provides promoter capture Hi-C
(pcHi-C) results across 28 normal human
cell/tissue types, a great resource in
Identifying target genes of disease-
associated genetic variants.

Normal Hi-C Analysis

Cancer Hi-C

3DIV provides unique visualization and
manipulation tools that allows user to
generate rearranged 3D genome by
selecting listed SVs, creating own SVs,
and providing order of rearranged

chromosomes.

Normal Hi-C Analysis

/\ ) 3D-genome Interaction Viewer

v and hg19 Hi-C  Capture Hi-C

Interaction table Interaction visualization

Cancer Hi-C

Statistics Download Tutorial

omparative interaction visualization

> Choose sample(s)

y characteristics C

> Condition

> Type > Sample property

v Choose. v Choase.

ample(s)

> Sample

~ Choose. ¥

> Interaction range

> Selected region(s)

Sample

Contact Us

Interaction Table
Interaction Visualization

Comparative Visualization
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Functionalities of normal Hi-C in 3DIV

=== Interaction Table

* Bias-removed/distance-normalized Interaction frequency
* Disease-associated GWAS SNPs

» Promoter/Enhancer/super-enhancer annotation

* Histone ChIP-seq signal

e |nteraction Visualization

* Interaction frequency heatmap

* Topologically associating domains

* One-to-all interaction plot

* Arc-representation of significant interactions

' Comparative Visualization

» Comparative interaction frequency heatmap
» Synchronized interaction visualization

Module 1 : Interaction Table

Hi-C experiment Gene annotation  GWAS study  ChlP-seq experiment

X . e - e
Al kA o e g S

TAD Interaction frequency ~ Promoter and gene body Disease associated SNPs Super-enhancer  Histone markers

se Lo ’ cwenelel SReC e o B
AT AY fraquency frerquancy AT AY e s T s

AY h 4

Mesenchymal Stem Cell | chrl6:54965-54870 316 o7 IRX5 28 4.15 239
Stem Ced | chrl 6:! 58510 225 6.90 Enbancer 875 st 227
a Mesanchymal Siam Cel | chri6:55500-55505 2m 624 Enhances 641 415 a.86
Mesenchymal Stam Cal | chri6:55540-55545 12 an LPCATZ 158 561 1177
Mesenchymal Stem Cel | chriB6:55510-55515 129 403 MMP2 207 561 a5
> 6 Mesenchymal Stem Cell | chri6:55535-55540 102 Jaz2 Enhaincer 61 558 214
Eé §g Mesarichyral Slam Cal | chr16:55355-55360 108 30 IRXE 247 304 124
EE E Mesenchymal Stem Call | chri6:54320-54325 258 288 IRX3 asr 616 1862
] gg 4 Mesenchymal Stem Cel | chr16:55530-55535 086 273 Enhancer 663 539 28
é Eé Masanchyral Starn Cal | ¢hrl8:55515-55520 [k 23 MMP2 134 373 175
oE 2 Mesanchymal Siem Cel | éhrl6.5531065315 083 23 Enhancer 3% 358 214
G Mesenchymal Stem Cell | chr16:52115-52120 o7 224 LINCDDS18 1.3 124 12
Mesenchyma! Stem Cel | chrl 6:55705-55710 082 218 SLCBAZ 112 1.7 227
0 Mesanchyral Stem Cel | chri6:54375-54360 174 214 Enhancer 312 5.96 28
Mesanchyral Siem Cel | dhi!6:55600-55605 062 205 CAPNS2 165 23 175
Mesenchymal Stem Cel | chri8:55315-55320 07d 205 Enhancer [} 415 175
Mesanchymal Stem Call | chri6:54480-54485 089 129 rsS821518 1.54 288 175
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Example : Interaction profile of rs1421085

rs1421085 : an obesity variant in FTO gene intron region.
It is well characterized by significant interactions with IRX3 and IRX5 promoters.

Body mass
associated locus

/ GIS ChIA-PET K562 RNAPII

GIS ChlA PET MCF 7 RNAPII

E SLC6A2 W
CAPNS2| OGFOD1 M
PCAT2- 2
i, oI S L A L NEI3eRty.
IRX6 mupzl cssm 1 GNAO1 I

53,5Mb 55.5Mb 56.5Mb
RPGRIP1L I CES1H AMFR I
AKTIPI CES.’:A- NUDT21 0

**+.. GIS ChIA-PET K562 CTCF

GIS ChIA-PET MCF-7 ERa

Rask-Andersen et al, Hum. Genet. (2015)

Step 1 : Open Interaction Table Module

3D-genome Interaction Viewer
$p)y and hglo H-C  Capture HFC  CancerHF-C  Statistics Download  Tutorial  ContactUs

=== database

Inte :(lon [able Interaction visualization Comparative interaction visualization

* Choose sample(s)
| Click “Interaction table” s coesmien

> Type » Sample property ¥ Condition > sample
Choose... v Choose.. v Chaose... v Choose... ~
> Input bait > Interaction range
Bait 2Mb v

(Ex. CROCCP2, chr22:27141000, rs42)

> Selected region(s)

! Sample Bait

[corven J ]
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Step 2 : Choose a sample

table

* Choose sample{s)

ion table

1) Choose samples with condition

* Choose sample(s)

Choose sample(s) by characteristics

H1
W1 Mesenchymal S Cell | |

Sample

+ Input bait

Choose sample(s)

2) Choose samples with searching window

H1 Mesendaderm Cell
= - = InTeraction range

table

+ Choose sample(s)

3) Choose samples from the list directly

Step 3 : Choose a bait

Interaction ta

> Choose sample(s)

Choose

> Type

Stem cell

> Input bait / > Interaction range

ble Interaction visualization Comparative interaction visualization

sample(s) by characteristics Choose sample(s) by search Choose sample(s)
> Sample property > Condition > Sample
and derived (3 H1 M5Cs, Mesenchymal No treatment (1) A H1_Mesenchymal SCs v

I Insert ID of Gene/SNP or genomic coordinate I

Bait : I_ﬂ‘l

[Ex. CROCCPZ,

> Selected region(s)

| 2Mo v

r22:27141000, rs42)

I Click button to add sample I

& Sample Bait

Example Run m
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Step 3 : Choose a bait

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

Choose sample(s) hucharartarictics rhansa camnlals) barcaarch rhnnsa samnlafs)
Find genomic location from Gene Symbol or SNP id [
? Type ale
Gene symbols
aEpesianniate | rs1421085 | chr16 : 53,767,042 ~ 53,767,042 | et
> Input bait > Interaction range

J Click to confirm the coordinate of variant. I .
2ZMb w

[Exe. CROCCP2, chr22:27141000, rs42)

> Selected region(s)

B Sample Bait

Example Run m

Step 4 : Run Module

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search Choose sample(s)
> Type > Sample property ¥ Condition > Sample
Stem cell and derived (3 HT MSCs, Mesenchymal Mo treatment (1) s H1_Mesenchymal 5Cs v
> Input bait > Interaction range
Bait: | rs1421085 2Mb ~

(Ex. CROCCPZ, chr22:27141000, rs42)

> Selected region(s)

o Sample Bait
] H1_Mesenchymal_SCs chr16:53767042

I Click to run module I
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Step 5 : Browse the table

Filter

igenomics

Distance normalized Interaction frequency :

Bias-removed interaction frquency
Distance normalized interaction frequency
Annotation of Enhancer or Super-enhancer
Annotation of disease associated SNPs
Annotation of Promoter

Show 10 # | entries CHIP-seq 5|gnals
Distance
Bias- 5
o normalize
rem:
Sample 8in Distance Interactio e Enhancer s fene H3KZTac H3K27me3 H3Kame1 H3Kame3 H3KIme3 [Sl43
z Interactio SNPID Name
% n
t TEUETEE frequency
0.07 0 Nare rs9935825 2 185 162 132 122 0.00
1255000 0.0 o7 None rs9933638 2 2m 206 228 147 14 0.00
1 rs9931702 2 248 185 132 202 0.00
237 176 None rs3970983 - 2m 277 7 238 182 0.00
578 081 ‘ 64 207 145 0.00
SE 118 Nane - 206 378 192 122 0.00
010 067 Nane 5202587 - 228 162 145 14 0.00
None ke 20 135 185 238 2e3 0.00

Filter

show | 25
10
25
50

sar_100

I Adjust the number of entries per page. I

Distance normalized Interaction frequency : — | 0.00 - (255
1 2
entries
" Distance
Bias- N
normalize
removed
’ 5 d GWAS Gene
Bin Distance Im:e:‘acuu Internctio Enhancer P, — H3K2Tac
fraquen "
S frequency
151815000 007 None 5393585 178
£:52510000-
5251000 004 None r9933638 20
erlEEZIEEnL. 270000 114 None rs9931702 302
£:53950000-
cnrEsEEI 225000 237 116 None rs9924983 20
s78 None 176
700000 093 118 None rs9921518 352
hrl£53015000- 0000 010 067 [ 9302592 277
275000 o&? None rsB0S780R TP 20
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Step Sb : Sort the interaction table

Epigenomics

Filter
Distance normalized Interaction frequency : | 0.00 | - [2.55
1 2
Show 25 &  entries -
" Distance
Bias- -
normalize
remaved
" " . d GWAS Gene
Sample Bin Distance |mm:mu eensetin Enhancer e 1D o H3K2Tac
n
frequency e
«chr16:53805000- 069 Mane re72305613
nr16:53800000- - . - 1505953 .
I Click the header to sort the table I
eI R 117 None NA E 187
111 None NA
122 None Na - 135
53 127 None N - 277
101 None NA - LA
None (5489620 -

Step 5c : Filter interaction

Filter

Distance nermalized Interaction frequency O

Drag to filter interaction by their strength in this case, 2.0 is the criteria. I

000 B

Show 25 ¢ |entries N N &
_I Click to apply the filter I
Bias- o
removed *
Sample Bin Distance |mmnacu'u Im;;dw Enhancer :::SD ::""“i H3K2Tac
n
ey ] frequency
sas None -
35000 061 None =
80000 278 N &7

111 Nane A

MNane i i
Nona A -
Nane Ha

D4 None 5499640 176
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Step 5 : Browse the table

Epigenomics
Filter
Distance normalized Interaction frequency : | 2.00 | -[255
o 1 2
Show 25 ¢ |entries -
- Distance
Bias- -
normalize
remaved
N d GWAS Gene
Sample Bin Distance Imer::uo nteractin Enhancar Sup 1D o H3KZTac
n
b= frequency )
errieEszsn- 267 2:2 Nane NA - 154
ERt
("”:imﬁfgc' 255 247 Nore NA I RIS 150
Promoter of IRX5 I
nr16:54820000- - .
N 245 240 None NA -
ERt
£ 52525000 22 226 Nore NA - 132
54340000
("”:im' o 200 207 Nore NA CRNDE 212
Promoter of CRNDE I
Showing 1 to 5 of 5 entries (filtered from 792 total entries .
£ { ) First Previous Mext Last
4 3

Module 2 : Interaction Visualization

20
A 3
8ig
cse
H
]
o
3
g
179425000 179625000 180225000 180625000 181025000 181425000 181825000 182225000 182625000 183025000 183,425,000
B
Bait bar o ‘ 10,0
g =v)
. % 200 [ 8.0 T 2
i . B8
E '§ (69 g' 3
o5 Distance-normalized =
58 10.0 interaction frequency 40 R %
o8 cut-off value : 2.0 &5
8 20" 3
e ‘ a8
00 00
C
H1-ESC super-enhancer
I manmal H i H (el H
PEXS5L CCDC39 SOX2 FLJ46066 LAMP3 KHLL&
FXR1 ATP11B MCF2L2
o 4 b
LINC01206 DCUN1D1 KLHL24
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Example : Interaction profile of SOX2

In cancer cells, the genomic structures are degraded into smaller sub-structures.
In this session, we will reproduce this result with 3DIV.

CHROMOSOME 1
(ININNENT NENIPC NNNNITNINEIND)

7’ 5 MD bt 10 19
,’ 55,000,000 58,000,000] 61,000,000f 64,000,000) 67,000,000 70,000,000)
4

CHROMOSOME 1 ’ Normalized PreC
AIEIEEENE NN RINRINI N /’ interacting Normal
Y yea——ry ST P counts
frse Vs f min max ,
Normal 1 ] 04

] ] ¥

| b ] W

(P ﬁ 1 . e .
b ¢ AN
m—“‘,—* £ 5 3
Cancer | oo/ " 3 § g

! | 5 % e

! 1 : .

] e e

CTCF . A L n e
PC3
Cancer

oomane 1 S e, S i i i
cver Wil e 0 ol ol SRR koo b Lo bR

LNCaP
Cancer

Domains e .
CTCF | i (0} 1l

\ RefSeq Genes simm —— SR e e e an e e — %
\ CYBSRL DEPDC1-AS1

Taberlay et al, Genome Res. (2016)

Step 1 : Open Interaction Visualization Module

3D-genome Interaction Viewer
$p1y and hgle HIiC  CaptureHi-C  CancerHi-C  Statistics Download Tutorial  Contact Us
==~ database

Interaction visualization Comparative interaction visualization

> Choose sample(s)

Interaction table

| Click “Interaction visualization’

— — -
Choose sample(s) by characteristics Choose sample(s) by search Choose sample(s)
> Type » Sample property » Condition 2> Sample
Cnoose... v Choose... ~ Choose v Choase... v
> Input bait * Interaction range > TAD
Bait 2Mb v DI {window size = 2Mb) v
(Ex. CROCCP2, chr22:27141000, rsd2)

> Selected region(s)

[ Sample Bait TAD

[corvernn J on]
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Step 2 : Choose a sample

3D-genome Interaction Viewer
hg19 Hi-C Capture Hi-C Cancer Hi-C Statistics Download Tutorial Contact Us

and
v
4 2-4h database

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search

[ A549 00h 100 nM dexamethasone

O AS49 01h 100 nM dexamethasone

[ AS49 04h 100 nM dexamethasone

[ AS49 08h 100 nM dexamethasone

A543 12h 100 nM dexamethasone

J ADAC418 (primary islet)

0 Adrenal gland

O Aorta

0 ASCs (Adipose-Derived Stem Cells), 0 day of differentiation induction
ASCs (Adipose-Derived Stem Cells). 1 day after neuronal induction

) ASCs (Adipose-Derived Stem Celis), 1 day of differentiation induction
) ASCs (Adipose-Derived Stem Cells), 2 days before induction of differentiation 2y

Click to load the list of Hi-C experiments I

> Input bait > Interaction range > TAD

2Mb v Dl {window size = 2Mb)

Step 2 : Choose a sample

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

) by characteristics Choose sample(s) by search Choose sample(s)

Choaose sampl

SR e e e
O IMR9U, in-situ Mbol -
[ K562, in-situ Mbol
O KBM7 cell line
' KBM7, in-situ Mbol
[ Left Ventricle
L Liver

I LNCap prostate cancer cell line, Belll I
D Lung

NCF-104
VICF-10A BRG1 shRNA

I Click to choose sample I -
* Input bait > Interaction range > TAD
Bait : 2Mb b D1 {window size =2ZMb) w

141000, r=42)

(Ex. CROCCP2,
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Step 3 : Choose a bait & TAD calling option

Interaction table Interaction visualization

> Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search

) IMR90, in-situ Mbol
0 K562, in-situ Mbol
O KBM? cell line

0 KBM7, in-situ Mbol
O Left Ventricle
=

D e

2 Liver

B LNCap prostate cancer cell line, Bglll
O Lung

| MCF-10A

| MCF-10A BRG1 shRNA

) MCF-10A scramble shRMNA

-

Comparative interaction visualization

Choose sample{s)

{Ex. CROCCP2, chr22:27141000. rs42)

Remove sample{s)

» Selected region(s)

0 MCF-7
> Input bait * Interaction range > TAD
I Bait: | chri:60000000 1 I_wn ~ DI (window

Click button to adjust TAD calling option
In this demo, DI-based caller with 2MB window is used

@ Sample

Bait

TAD

Example Run m

Step 3 : Choose a Bait & TAD calling option

> Choose sample(s)

Choose sample(s) by search

Choose sample(s) by characteristics

e e e e A e e e

O IMR9O, in-situ Mbal
[ K562, in-situ Mbal
0 KBM7 cell line
[ KBM?7, in-situ Mbol
O Left Ventricle
] Liver
| 8 NCap prostate cancer cell line, 3gil |
O Lung
O MCF-10A
O MCF-10A BRG1 shRNA
O MCF-10A scramble shRNA

O MCF-7 Click button to add sample I
> Input bait » Interaction range
Bait: | chri:60000000 2Mb v

{Ex. CROCCPZ, chr22:27141000, r=42)
Add sample{s) Remove sample(s)
» Selected region(s)

(] Sample Bait

Choose sample(s)

> TAD

DI {window size = 2Mb)

TAD

= LNCap prostate cancer cell line, Bglll chr1:60000000

Example Run m

Dl (window size = 2Mb)
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Step 4 : Run Module

Interaction table Interaction visualization Comparative interaction visualization

» Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search Choose sample(s)

[ IMR90, in-situ Mbol

[ K562, in-situ Mbol

0 KBM7 cell line

0 KBM7, in-situ Mbel

[ Left Ventricle

O Liver

LNCap prostate cancer cell ling, Bglll
O Llung

O MCF-10A

[ MCF-10A BRG1 shRNA

[ MCF-10A scrambfe shRNA

O MCF-7 v
» Input bait » Interaction range > TAD
Bait: | chri:50000000 2Mb ~ DI {window size = 2Mb) v

[Ex. CROCCP2Z, chr22:27141000. r=42)

» Selected region(s)

O Sample Bait TAD
D LNCap prostate cancer cell line, Bglil chr1:60000000 DI (window size = 2Mb)

Example Run mg

Step 5 : Adjust the interaction visualization

Interaction frequency heatmap with topologically
associating domains(TAD) annotation.

One-to-all interaction plot

Arc-representation of significant interactions

Gene annotations

= P e . B Y Description of selected interaction
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Step 5a : Adjust the heatmap resolution

e o | oo ]
Zoom in 1.5X | 3X Zoom out 1.5X | 3X

bp [Refresh

Q

Click to apply the
adjustment

I Adjust the resolution of heatmap. I

Step 5a : Adjust the heatmap resolution

e | e
Zoomin 1.5X 3X Zoom out 1.5X | 3X
Heatmap resolution | 40,000 v |bp | Refresh

B

o 10 20
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Step 5b : Adjust the heatmap color range

LNCap prostate cancer cell line, Bgill

BT T o ooy the adivstment
Zoomin 15X J 3X Zoom out

Heatmagyresoiution

1.5X

I Drag the scroll bar to adjust the color range I

Step 5b : Adjust the heatmap color range

) e
Zoomiin 1.5X 3X Zoom out 1.5X 3X
Heatmap resolution (40,000 v |op [Refresn)
B ]

L] 10 20
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Step 5 : Adjust the interaction visualization

LNCap prostate cancer ceil line. Beill

LNCap prostate cancer cell line, Bgill

Zoomin |_15% x Zoomout |_1.5X x
Heatmap resolution (40000 % |bp

10

Adjust the fold-change criteria

60,000,

58,200,000 59,200,000 £00,000
| |

60,400,000 60,200,000
|

£2.000.000

£1.600.00(
|

20.0—]

—4.0

10.0 ) _—

Mol ol

frequency)

0.0
-removed Interact

YT TR
Drag the scroll bar to adjust fold-change
criteria for arc-representation
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Adjust the fold-change criteria

58.000,000 58.400,000 58.2800,000 59.200,000 55.600,000 60,000,000 60,400,000 60,200,000 61.200.000 61,600,000
| | | | | | | | |

20.0—] Mlk0.000.000 ) * 1| ——
Distance normalized Interaction frequency : 3.01 .

S ' —

00— —20

A 10

A IR ol P et :
11

o b i di i [ I L oo [

{Biazs-removed Interaction frequency) (Diistance normalized Interaction frequency)

After adjustment, some arcs are
not visualized any more.

Description of identified interactions

58.400,000 58,800,000 58,200,000 59,600,000 60,000,000 60,400,000 60,200,000 61,200,000 61,600,000 £2,000.000
| | | | |

| | | |
20.0—] 0,000,000 ) | an
Distance normalized Interaction frequency : 3.01

- i

0.0 —] — 20

= i — 1.0

L I e e
ah Mol l b4 Ll oo L
(Bias-removed Interaction frequency) {Distance normalized Interaction frequency)

Click the arc to check brief explanation of corresponding interaction

No. Chromosome Start End Gene Name Locus

If you want to see the results, click on the arc.
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Description of identified interactions

hg38& : { chr1:58,00

58,000,000 52,400,000 58,200,000 55,200,000 53,600,000 60,00 ), 000 60,800,000 61,200,000 61,600,000 62,000,000
| | | | | | | | |
20.0 —| 0,000,000 ) | a0
Distance normalized Interaction frequency : 3.01
: 1
0.0 — —20
. - —1.0
Pad e e Lt Pt et . . .
l —_ =tiad L "‘“'l'l
-....“'I\
wo b M bl il il | | oo

(Bias-removed Interaction frequency)

Chromosome

End

Start Gene Name Locus

chrl 61975000 61980000

Browse interaction frequency w/o change the bait

58,000,000 58,400,000 58,200,000 59,200,000 59,600,000 60,000,000 60,400,000 60,200,000 61,200,000 61,600,000 62,000,000
| | | | | | | |
S 0,000,000 ) | a0
3 £ ! : 30
- o % ) . %
* : ' Tient .
i 4 AN + » Distance’normalized Interattion frequency : 2.00 2 ==
- T T - - )\/ D LT — — —
T et e e e e oa . - - g : v - o el TreN Y. e :
e | N '| W, L
oo b #1 L i o | e v T
. — —

[Bias-removed Interaction frequency)
B S, i
—

Click on white space of the graph and drag horizontally towards the desired
direction to shift visualization range without changing the queried loci

7 o
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Browse interaction frequency w/o change the bait

00

[Bizs-remaved Interaction frequency)

Adjust bait without resubmission

52.000.000 58,400,000 53,800,000 59.200.000 59,600.000 60,000,000 60,400,000 60,200,000 61,200,000 61,600,000 62,000,000
| | 1 1 1 1 1 |

30— 800 ) _ag

30
G . Distantsnarmalized intaratsion fraguancy : 200
0—| - = - - —_— =
AR e o] Cln ; | To select other loci as the query, click the red bait indicator
Aol fud T s ¢ | and drag to the loci of interest.

TDSiance NOTMEKzEg INLErSChon MEquenty!
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Adjust bait without resubmission

58,923,000 3,323,000 29 T% 0oo 60,123,0 E0.523,000 53.9% ooo B1 &1,
| | | |
30.0—] | &0
60,520,000 §
—50
20.0— —40
—30
Distance normalized Intaraction frequency  2.00
100 — ! : | ag .
, otk ¥ S - i it . I #l_1g
e e e et _'_‘ " = R X L e o i o T4 e e et e
0.0 A L 1 Hli i 4. i\-ii i' | 1l A i i i! ! A i c.0 -

[Bias-remaved Interaction frequency)

[Distance normalized Interaction frequency)

Module 3 : Comparative Visualization

Z

PR
58.000000 58400000 58,800,000 50.200,000 50,600,000
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e
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b
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o
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Example : Interaction change during differentiation

During the differentiation, the interaction profile is dramatically changed.
In this session, we will compare the interaction profile of ESC and MSC.
ESC : Embryonic Stem Cell, MSC : Mesenchymal Stem Cell

1 iPS

§=

c

]

2

.§ fibroblast
5

e

c

5
=

o

chondrocytes
time'

Gadjanski et al, Stem Cell Rev. Rep. (2012)

Step 1 : Open Comparative visualization Module

3D-genome Interaction Viewer

SDIV and hg19 Hi-C  Capture Hi-C  Cancer Hi-C  Statistics  Download  Tutorial Contact Us
= = database
Hi-C
Interaction table Interaction visualization I Comparative interaction visualization I
> Choose sample(s) Q
Choose sample(s) by characteristics Choose sample(s) by search Choose sample(s)
> Type > Sample property > Condition > Sample
Choose... v Choose... v Choose... v Choose... v
> Input bait

> Interaction range

Bait:
(Ex. CROCCP2, chr22:27141000, rs42)

2Mb

> Selected region(s)

Sample Bait

=mm
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Step 2 : Choose a sample

3D-genome Interaction Viewer

hg19 Hi-C Capture Hi-C Cancer Hi-C Statistics  Download Tutorial Contact Us

and
1A database

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

Choose sample{s) by search

Choose sample(s) by char:
LIHAP1 (near-naplola cell linej
HAP1 (near-haploid cell line}, SSC Knock Out
HAP1 (near-haploid cell line), WAPL and 55C Knock OUT
I HAP1 (near-haploid cell ling), WAPL knock Out Click to load the list of Hi-C experiments I

0O HEK293T (embryonic kidney cell line), transfected with dCas3-VPR targeting the exonCrer oMo B S c o TLarar
with dCas9-VPR targeting the promoter CTCF binding site of

O HEK293T (embryonic kidney cell line), transfected
Pcdhalz

O Hippocampus
O HTBE (human tracheobronchial epithelial cells). infect active H5N1 influenza. infection time 6hour

O HTBE (human tracheobronchial epithelial cells), infect active HSN1 influenza. infection time 12hour
HTBE (human tracheobronchial epithelial cells), infect active H5N1 influenza, infection time 18hour

D HTBE (human tracheobronchial epithelial cells), infect mock. infection time 6hour
O HTBE (human tracheobronchial epithelial cells), infect mock, infection time 12hour -

> Input bait > Interaction range

Bait: 2Mb

(Ex. CROCCP2, chr22:27141000

Step 2 : Choose a sample

3D-genome Interaction Viewer
Statistics  Download  Tutorial  ContactUs

v and
ABLY database

hg19 Hi-C Capture Hi-C Cancer Hi-C

Interaction table Interaction visualization Comparative interaction visualization

> Choose sample(s)

Choose sample(s) by characteristics Choose sample(s) by search Choose sample(s)
L IUIURIGS U RL-£32 2] UEAGIIELIGSUTIE 2411 =
O fibroblast{(CRL-2522) dexamethasone 32h
O fibroblast(CRL-2522) dexamethasone 40h
O fibroblast{CRL-2522) dexamethasone 48h
O fibroblast{CRL-2522) dexamethasone 56h
O GM23248 (primary skin fibroblasts) .
H1 Embroynic Stem Cell ] Click to choose sample
H1 Mesenchymal Stem Cell |
O H1 Mesendoderm Cell
O H1 Neuronal Progenitor Cell
O H1 Trophectoderm Cell
9 human Embryonic Stem Cell Line, Heat shock condition
Is =

0 H9 Human Embryonic Stem Cel

> Input bait > Interaction range

Bait : 2Mb

(Ex. CROCCP2, chr22:27141000, rs42)
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Step 3 : Choose a Bait

Interaction table Interaction visualization

> Choose sample(s)

Choose sample(s) by characteristics
L NUTuDIasUCRL-2042) UTAAITITLIIASUIIT 2411
O fibroblast{CRL-2522) dexamethasone 32h
[ fibroblast(CRL-2522) dexamethasone 40h
[ fibroblast{CRL-2522) dexamethasone 48h
O fibroblast{CRL-2522) dexamethasone 56h
1 GM23248 (primary skin fibroblasts)
H1 Embroynic Stem Cell
H1 Mesenchymal Stem Cell
O H1 Mesendoderm Cell
O H1 Neuronal Progenitor Cell
O H1 Trophectoderm Cell

0 H9 Human Embryonic Stem Cells

> Input bait

Comparative interaction visualization

Choose sample(s) by search Choose sample(s)

0O H9 human Embryonic Stem Cell Line, Heat shock condition

> Interaction range

Insert ID of Gene/SNP or genomic coordinate I

> Selected region(s)

u]

Add sample(s)

Sample

Remove sample(s)

Click button to add sample I

Bait

H1 Embroynic Stem Cell
H1 Mesenchymal Stemn Cell

chr1:60000000
chr1:60000000

BExample Run m

Step 4 : Run Module

Interaction table Interaction visualization

> Choose sample(s)

Choose sample(s) by characteristics
L U1 UUIESLURL-252£) UERGIIELITASUIE 2411
O fibroblast(CRL-2522) dexamethasone 32h
O fibroblast(CRL-2522) dexamethasone 40h
O fibroblast(CRL-2522) dexamethasone 48h
[ fibroblast(CRL-2522) dexamethasone 56h
[0 GM23248 (primary skin fibroblasts)
H1 Embroynic Stem Cell
H1 Mesenchymal Stem Cell
O H1 Mesendoderm Cell
D H1 Neuronal Progenitor Cell
DO H1 Trophectoderm Cell

[ H9 Human Embryonic Stem Cells

> Input bait

Bait: | chr1:60000000
(Ex. CROCCPZ, chr22:27141000, rs42)

> Selected region(s)

Comparative interaction visualization

Choose sample(s) by search Choose sample{s)

O H9 human Embryonic Stem Cell Line, Heat shock condition

> Interaction range

2Mb

O Sample Bait
2] H1 Embroynic Stem Cell chr1:60000000
m] H1 Mesenchymal Stem Cell chr1:60000000

Example Run
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Step 5 : Adjust comparative heatmap

&

B & 4" LY -
AR AT S W

it T Ty

I ' ' I Arc-representation of significant interactions in 15t sample

&m e

i E 3 I Arc-representation of significant interactions in 2" sample
S -

Comparative heatmap of interaction frequency between 1st and 2" samples.

RefSeq Genes and super enhancer annotations

Description of selected interaction

58.000.000 58,400,000
|

55,600.000 €0,000,000 60,400,000 60.800.000 £1,200,000 61.600,000 62,000,000
| | |

60,000,000 )

| 20
Distance normalized Interaction frequency - 1.76 ’

00}

Bias-remaved Interaction frequency)

\

| oo

(Distance normalized Interaction frequen

S
Distance normalized Interaction frequency : .76 ’

0.0

{Bias-removed Interaction frequency)

0.0

(Distance normalized Interaction frequer

5E_33042
IE 33042
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Step 5b : Adjust the heatmap color range

I H1 Embroynic Stem Cell n H1 Mesenchymal Stem Cell _
e
4 LA 3X

Zoomir@% Zoosaoui NA
Hea esolution | 2
0

» v
v <%
\ '3
ot N 5 s, ¢
W o A 5
L Aoy b X .40 =

WAEH i et . A Ao
: ' : el i SOk . AR @
3 NN KERS 54 ISR @ R PRNTR IR I 3 O ¥R, BN

he3R -1 rhrl 58 257 MNN-R2 252 00

Step 5b : Adjust the heatmap color range

[ H1 Embroynic Stem Cell n H1 Mesenchymal Stem Cell —

T B
Zoom in 1.5X 3X I Zoom out 1.5X 3X |

Heatmap resolution[20,000  v]bp [Refresh]
LI : |
2

0 2

hg38 : ( chr1:58,000,000-62,000,000 )
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Step 5 : Adjust comparative heatmap

W1 Embroynie Seem e H W1 Mesenchymal stem Col icsu
Zoomin 1.5X X Zoom out 1.5X 3X Zoomin 15X 3X Zoom out 1.5X 3X

— | — —
2 o 2 2

2 4 %

1':4 -
3 R R 458 £
AR S AR B o WO e W R

L s aais o !”ﬂ|)’ﬂb‘lﬁ%.oniluf-\u&fﬁ\ms«mi.4»@;/.45&;,.\;{:%.,W

Sl ) . % ;
alll N—L“v‘*”‘-"‘ﬁ“—““‘”i‘t"‘f“‘“' candbictuill . . A bt ...t

Cancer Hi-C Analysis
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The impact of large scale structural variations to cancer 3D genome

Genomic Deletion

A Promoter

Hi-Cpattern =~ " ™ ™., Enhanegg_-,x _______ :

AB CD e [

Breakpoint

Normmal TAD /4 N N | Deletion

RO

Enhancer . Promoter
SV-driven TAD &
AD

Interactively visualize and simulate the impact of

structural variations to cancer 3D genome

Problem statement

1. Frequent genomic rearrangements in cancer alters 3D genome
2. Abberant gene expression based on rewired regulatory elements
3. Requires appropriate visualization tools and processed data

Resolving issue

1. Collection of large cancer/normal Hi-C and pcHi-C data
2. Visualization of cancer 3D genome

3. Hi-C contact map manipulation to examine impact of SVs
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Module I. Pre-called SV and 3D genome

Sample | Chrom! | Breakpoint! | Chrom2 | Breakpoint2 | SVtype | Orientation|
14-442T | chrb chrb INV 3to3
14-442T7 chrb chré INV StoS
14-442T7 chrb 75343990 chrb 125216780 DEL 3t05

Showing 1 to 3 of 3 entries @ Previous n Next
Click SV to visualize

v
Sample SNUCRC_14-442T 500kb
Color scale
;I,l -T'
0 1867
10Mb

SNUCRC_14-442T 500kb
Color scale

I I
0 295
SMb

' i B s S
65Mb 70Mb 135Mb lJOMb

| — chr6:60000000-75343990— chr6:125216780-150000000m
(16Mb) (25Mb)

l | e

LU ) LM L)) R R R | SRS | SRR | B S || ) S R

BT i S i s R N A

L DEL  £EINV £ TRA £3TanDUP £3invDUP)

Select SV type 10Mb

[ T chro
{bcnck chr6:60Mb-150Mb : : {.I,Drag
v
500kb
SNUCRC_14-442T Color scale
Sample - o y
- ] i
0 1867
SMb

Hi-C contact map
after deletion

Heatmap

chr6:125Mb-150Mb
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Module Il. Interactive 3D genome manipulation

$IDEL  L£3INV £ TRA  £¥TanDUP £3InvDUP

% v
Apply other SV type sequentially SNUCRC_14-442T 500kb

Color scale
Q)
Sample 1 1
0 1867

\ 5Mb

Hi-C contact map
. after inversion

e

‘Chromosome i
chr6:132Mb-145Mb &

Complex forms of large-scale structural variations

Chromothripsis

Copy number
l
i

1] 9 [10] 5 =5
Single catastrophic event l '
" TSI IS5 T8 00
trepair or] 7 [N ° ]
errant repair |0f| 7. B e
~ Duplication
II' - . . HH Inversion
lost fragments —TT Inversion
L
1D
. _HH
327 "
255
BL 5
e .
L 0 1 E_-II G )
Yooy 7 ' —
0 20 40 60 80 100 120 140 (Mb)
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Module lll. Complex SV and 3D genome

chr19:1-11064109;chr17:7858769-83257441 o
chr20:1-17070762;chr19:14867959-58617616

)
chr17:1-6643610:chr20:18560020-64444167

a4

fe] ' Run
| Choromoplexy -
]

Der17

Der19.
Der200 @

SNUCRC_11-927T 500kb
Color scale
.

I I
0 437 874

chr17 chr20

Module lll. Complex SV and 3D genome

500kb
Color scale
| | |
0 437 874

Weight scort

0 15 30

SNUCRC_11-927T

(sample)

chr17

chr20
s |
11.00Mb 75.50Mb 17.00Mb 44.00Mb 6.50Mb 45.50Mb
Der17 E Der19 b | Der20
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Questions

1. 3D genome organization in various cellular context

3D chromatin reorganization of macrophages after Flu infection

Untreated Stimulated Infected (IAV)
\/_] R—\_‘M‘% ‘F ?I Esa\d—lhrough
/ NS
— —
Gene - Gene U "& Q

@ A compartment

(permissive/active)

B compartment
(inert/inactive)

Mock (uninfected) Influenza (1AV)
& cTCF & RNA polymerase || ™ Transcription start site
P4 CTCF motits  /~» mRNA @ Transcription termination
Q) Cohesin _~ read-through RNA NS1 Influenza A NS1 protein

Heinz et al (2018)
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Q: Does 3D chromatin structure change according to virus infection?

A IFIT locus
MDM +IAV
chr10:90,750,000-91,550,000 — 200 kb—
IAV: Influenza A virus
% Sample: MDM (monocyte-derived
g’g macrophages)

r

Target bait: IFIT locus

ihskb

—_
ny
(o=

=)
>

© .2
£
=9
52
QE

&=
2o
S=
i

)
sa
£g
—

32
16
0

HIFAS CH25HI H+—PANK1
LIPAIIFlrmFIT‘I BH MIR107 KRMP1
IFTTS) -+ 1SLC1 6A12
KIF20B il

Heinz et al (2018)

Example Answers
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1. 3D genome organization in various cellular context

Example with visualization module)

Sample: MDM (monocyte-derived macrophages), infection time 12hour
Bait: SLC16A12

Genomic range: chr10:88,990,243-89,790,243

TAD: DIl(window size=500kb)

Mock Flu infection

Disrupted interaction

1. 3D genome organization in various cellular context

Example with Comparative module)

Sample: MDM (monocyte-derived macrophages), infection time 12hour
Mock vs Active Flu

Bait: SLC16A12

Genomic range: chr10:88,990,243-89,790,243

TAD: DI(window size=500kb)
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1. 3D genome organization in various cellular context

Chromatin Interactions are disrupted when Flu infection occurs

«Jé.mﬁh .ﬂ .4-:.;

L ,FLu
I
|
gl JU
il il ! il
l P
I |
. mock
I : :
. N e
) |
I \ )i
! ll I
| A W4
| F— _I
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